Introduction
Ascidiacyclamide and the patellamides are pseudo-octapeptides containing four N-based heterocycles and four amide nitrogen groups as possible donors for metal ion coordination (see Scheme 1) . These and other cyclic peptides present in the ascidians of the Pacific and Indian Oceans have attracted scientific interest for many years and for various reasons. Their biosynthesis has been reported, [1] [2] [3] [4] there is a considerable interest in their pharmaceutical activity, 1, 5 and their rich transition metal coordination chemistry, in particular with Cu II , has been studied in some detail. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, the biological function of these cyclic pseudo-peptides is still largely unclear. An interesting observation in this context is that many of the ascidians are host to symbionts, and for Lissoclinum patella, from which ascidiacyclamide and the patellamides are isolated, the symbiont is photosynthetic, i.e. the prokaryote Prochloron. 17, 18 The natural role of the cyclic pseudo-octapeptides possibly involves Cu II coordination, and among the suggested biological functions are Cu II transport and storage, 17, 19 copper detoxification, 17 CO 2 hydration (carbonic anhydrase reactivity), [12] [13] [14] 17, 20, 21 oxygen activation, 17, 19, 22 and phosphoester hydrolysis ( phosphatase reactivity), 15 and the Cu II cyclic peptide complexes might also be cofactors in enzymes. 17 Carbonic anhydrase activity has been suggested on the basis of the structural and spectroscopic characterization of carbonato-bridged dicopper(II) complexes. [12] [13] [14] Studies involving EPR spectroscopy in combination with molecular mechanics (MM) and density functional theory (DFT) based molecular modeling as a structural probe, 14, [23] [24] [25] together with 18 OH − and 13 CO 2 labeling and electrospray mass spectrometry (ESI-MS), 14 have suggested that the carbonate emerges from atmospheric CO 2 , and catalytic activity was assumed on the basis of NMR experiments and the gravimetric quantification of CO 3 2− . However, so far there has been no clear proof for catalytic turnover and the kinetics and catalytic efficiency have not † Electronic supplementary information (ESI) available: The ESI includes a figure which illustrates the dependence of the k cat values from the ligand system and pK a value of the sacrificial base, a plot of the pH as a function of time for the H 4 pat 1 -based system with the four base/indicator systems used, and the entire set of relevant kinetic traces, plots of experimental vs. fitted electronic spectra and concentration profiles not shown in the manuscript. 
Results and discussion
The kinetic analysis of the uncatalyzed and catalyzed hydration of CO 2 in general is not trivial because the gas phase and ionized species have very different solubilities in H 2 O with strong dependencies on temperature, pressure and pH. In addition, all relevant species are colorless and there are a number of protonation equilibria, also including those of the catalyst involved, which are difficult to assess quantitatively (Scheme 2, eqn (1)- (3); note that the kinetics related to eqn (1a) and (3c) are generally analyzed as pseudo-first-order processes; Ind: indicator, Cat: catalyst).
The analysis of the CO 2 hydration activity of carbonic anhydrase and model systems is usually based on stopped-flow kinetics, involving the spectrophotometric measurement of the time dependence of pH via the color change of a pH indicator (eqn (2)), 26, 30 (1) and (3)) have been analyzed in detail previously, [43] [44] [45] and for the analysis of the Cu II -patellamide systems presented here, we have adopted the same experimental setup and largely the same parameters. Note, however, that, due to solubility problems, we had to revert to methanol-water mixtures (10% MeOH). ‡ For the evaluation of the kinetic parameters (see below) we have therefore carefully tested the fundamental parameters involved in Scheme 2 and found that a small variation of these parameters did not lead to significant changes in the k Cat values ( Table 1 shows the parameters used for fitting the stopped-flow traces; see ESI † for the effect of variation of the least well-determined parameters K Cat and K H ). The time-dependent spectra of a solution containing H 4 pat 1 : Cu : base (1 : 2 : 4) with CO 2 in the optimum pH range (Tris, pK a = 8.07; note that the pH value varies during the reaction and, therefore, pK a rather than pH values are discussed in the text and given in Table 1) The reaction is limited by the amount of base used (8.5 mmol); CO 2 was used in excess (17 mmol) and the catalyst concentration was 5 μmol (0.06 mol%), that of the indicator 12.5 μmol; depending on the base used, the pH variation is around 2 pH units (see ESI †). The complex formation and the various Cu II complexes present in equilibrium in solution have
Scheme 2 Equilibria involved in the hydration of CO 2 .
43 ‡ Note that our earlier work focusing on solution structures and equilibria of the mono-and dinuclear copper(II) complexes of cyclic pseudo-peptide ligands was performed in pure but not dry methanol, i.e. the only difference in terms of solvent to the experiments reported here is the amount of water present. Since in the various structural analyses reported before, and to which we refer in the present kinetic study, 13,14 OH 2 and OH − are terminal and bridging ligands to the copper(II) centers, we assume that the moderate change in terms of conditions for our kinetic analysis does not lead to significant differences in terms of the reported structural models.
been studied in detail for the cyclic pseudo-octapeptides used here (see Scheme 3). ‡ 13, 14 From these studies 13, 14 and the data presented below, it emerges that the hydroxido-dicopper(II) complexes of the cyclic pseudo-octapeptides are the catalytically active species (see Scheme 3). The fitted rate constants of the six copper-patellamide catalysts used are given in Table 2 . Fig. 2 shows a comparison of the experimental spectra at the beginning and end of the reaction with those simulated with the fitted kinetic parameters, using the dicopper(II) complex of H 4 pat 1 as catalyst and Tris/metacresol purple as base/indicator couple for detection (similar plots of the other catalysts are given as ESI †). The good agreement between theory and experiment supports the quality of the fitting procedure and parameters given in Table 2 . From the time-dependence of the concentration of the relevant species (CO 2 , HCO 3 − , pH, base, baseH + )
given in Fig. 3 (similar plots of the other catalysts are given as ESI †) it follows that under the optimized conditions used there is a nearly quantitative yield of the hydration reaction (>8 mmol), leading to the maximum TON (turnover number) of close to 1700 under these conditions. The kinetic parameters in Table 2 The maximum rate with Tris as the base ( pK a = 8.07, 10 5 -fold acceleration) and relatively small rates at lower pH (3,5-lutidine pK a = 6.21, uncatalyzed; imidazole pK a = 7.14, 10 3 -fold acceleration) indicate that the pK a value of the Tables 1 and 2 15 We assume that coordination of CO 2 (see Fig. 4 ) is a fast process since the water exchange rates of Cu II aq are in the range of 7 × 10 8 -5 × 10 9 s −1 . 49 Moreover, the fact that the hydration rate decreases at higher pH (see Table 2 and ESI †) suggests that the dihydroxido complex is a much less efficient catalyst (see discussion of the pK a values above). This is in agreement with the expectation that ligand exchange (rate of CO 2 coordination) of the hydroxido complex is less efficient. The nucleophilic attack by the OH − group is expected to be rate determining, and the subsequent release of the emerging carbonate or bicarbonate to reform the resting state is assumed to be a facile process. 14 This is supported by the fact that the observed optimum rates of all six catalysts are similar (1.5-7.5 × 10 3 s −1
), and this is due to the similarity of the geometric and electronic structures of the catalytically active hydroxido complexes.
14 While we do not have quantitative information on the stability constants of the carbonato-bridged intermediate, it is interesting to note that for the most efficient of the catalysts studied here, the dicopper(II) complex of H 4 pat 1 , we have, in contrast to the other systems, not been able to trap and spectroscopically characterize any carbonato-bridged complexes. This might indicate that the configuration of the substituents, which for H 4 pat 1 is identical to that of the natural systems, is related to the high efficiency of this system. The only other macrocycle with the same configuration, H 4 L ascA , which also has the same heterocycle combination as observed for ascidiacyclamide and the patellamides, has a significantly lower efficiency but still a faster catalytic rate than the complexes of the four other ligand systems studied here. This suggests that both the orientation of the side chain and the type of heterocycle have an influence on the structure, stability and flexibility of the macrocycle and its complexes, and this is as expected on extensive computational work of the metal-free macrocycles (which also define the type of side-chain as decisive) 13, [50] [51] [52] and some initial studies of the dicopper(II)
complexes. 14 
Conclusion
The There are various possible forms of these compounds (i.e. mono-or dihydroxido, moreover, one of the hydroxides can bridge the two copper centers) and the corresponding structures have been analyzed in detail by X-ray crystallography and/or the combination of EPR spectroscopy with computational structure optimization. 13, 14 The hydroxido complexes are known to hydrate CO 2 in a reaction that involves a complex-CO 2 adduct and the nucleophilic attack of a coordinated hydroxide at the CO 2 carbon atom, leading to a bridging carbonate or bicarbonate. 14 The results presented here clearly show that this reaction is catalytic and very efficient, i.e. the fastest of the systems (H 4 pat 1 ) hydrates CO 2 with k cat = 7.3 × 10 3 s −1 , and this is five orders of magnitude faster than the uncatalyzed reaction and only one to two orders of magnitude slower than carbonic anhydrases. From a comparison of the rates for the dicopper complexes of cyclic pseudo-octapeptides with different heterocyclic donor groups (imidazole vs. thiazole vs. oxazoline) and from the configuration of the side chains (significant dependence on the configuration of the isopropyl side chain, small influence only on the heterocycle) it emerges that (i) the nucleophilic attack at the CO 2 carbon atom is rate determining, (ii) coordination of CO 2 to one of the Cu II centers is in fast preequilibrium (i.e.
the electronic perturbation by the heterocyclic N donor is relatively unimportant), and (iii) inhibition by the carbonate product is only of minor importance and consequently only slightly influences the catalytic efficiency at the concentrations formed in these catalytic reactions. The important result is that our in vitro data suggest that a possible biological function of the patellamides is carbonic anhydrase activity of their copper(II) complexes. This is exciting for two reasons, i.e., (i) there is no reliable information on the role of the patellamide macrocycles in the ascidians and (ii) so far no copper-based carbonic anhydrases have been reported. However, we point out that there is not even proof that Cu II complexation of the patellamides is relevant for the ascidians (however, the relative stabilities of the patellamide-Cu II complexes and the relative metal ion concentrations in the ocean compared to that in various species support the assumption that these complexes play an important role). 19 The fact that many ascidans live in symbiosis with photosynthetic prokaryotes shows the need for efficient carbonic anhydrases, and the function of the patellamide-Cu II complexes might be to provide the Prochloron symbionts with CO 2 . That the dehydration of HCO 3 − which is abundant in sea water, rather than hydration of CO 2 , might be of importance for the L. patellaProchloron couple is supported by the fact that the optimum pH for the hydration reaction is relatively high (around pH 8) , and the reverse reaction should then occur at around physiological pH.
Experimental section

Materials and methods
All materials obtained commercially were of reagent grade and were used without further purification. Indicators, bases, Cu II triflate (Cu(CF 3 SO 3 ) 2 ) and methanol were purchased from Fluka and Aldrich, respectively. Solvents were used in pure analytical grade. All solvents were degassed and kept under argon to prevent any dissolution of CO 2 from the air. The Cu II complexes were prepared according to published procedures, 13, 14, 16 and were generated in situ by mixing the solu- was attained by relative gas-flow rates and published saturation concentrations. 53 After mixing, the rapid absorbance change was recorded and the absorption change correlated to the amount of hydrated CO 2 . Each measurement was performed five times to ensure consistency of the measuring conditions and settings. The ReactLab™ software was used for the kinetic analysis (Jplus Consulting Ltd). 54 This software suite is designed to carry out the fitting of reaction models of either kinetic or equilibrium multiwavelength data sets. For fitting the kinetic parameters the software suite's "Kinetics" tool was used. All calculations are handled internally and the user provides the experimental measurements and a reaction scheme that is to be fitted to the data. A range of relevant supporting options is available as well as comprehensive graphics tools for visualization of the data and results. Data, models and results are provided in pre-formatted Excel (R) spreadsheats. 55, 56 
